Reciprocal recurrent selection (RRS) was designed to capitalize on both additive and nonadditive genetic effects for improvement of the cross between two populations by complementary changes in allelic frequencies between populations. Eleven cycles of RRS have been completed in the Iowa Stiff Stalk Synthetic (BSSS) and Iowa Corn Borer Synthetic No. 1 (BSCB1) maize (Zea mays L.) populations. The objectives of this study were to partition the response to selection into that due to additive and dominance genetic effects and to evaluate the effects of genetic drift. A population diallel of the CO, C4, C7, C9, and Cll cycles of BSSS(R) and BSCB1(R) the C8 and C10 inte rpopulation crosses of BSSS(R) and BSCB1(R) were evaluated. The populations per se selfed and interpopulation crosses selfed of the CO, C4, C7, C8, C9, CI0, Cll cycles also were included in the study. The study was evaluated at four locations in 1988 and three locations in 1989. The response of the interpopulation cross for grain yield was 0.28 ± 0.04 Mg ha -1 cycle -1 and was primarily due to dominance effects. Responses in the populations per se, adjusted for the effects of genetic drift, were similar to the direct effects in the interpopulation cross. Improvementin BSSS(R) was due to both additive and dominance effects, but only dominance ffects were important in BSCBI(R). The results showed that selection response occurred at loci with alleles with partial to complete dominance with no evidence for overdominant alleles contributing to selection response. There were no significant changes in grain moisture, and the responses for root and stalk lodging were in the desired direction. It is concluded that RPS was effective for improving the interpopulation cross and inbreeding depression from genetic drift limited the observed response in the populations per se.
R
ECIPROCAL RECURRENT SELECTION, originally proposed by Comstock et al. (1949) , is expected to effective for simultaneously developing two germplasm sources for hybri d maize breeding programs because selection is based on the performance of the interpopulation cross, in which almost any type of gene action is expressed. Both general and specific combining ability of populations per se should be improved in the advanced cycles of selection, thus increasing the probability of obtaining inbreds with improved combining ability.
A RRS program was initiated in 1949 in Iowa with BSSS BSCB1 maize populations. Reports of progress have been presented periodically (Penny and Eberhart, 1971; Eberhart et ill., 1973; Martin and Hallauer, 1980; Smith, 1983; Helms et al., 1989) . In general, the direct response to selection in the interpopulation cross was greater than the indirect responses observed in the populations per se. Smith (1983) components due to additive and dominance genetic effects and also allows estimation of the effect of genetic drift. Smith (1983) used the model to evaluate response to selection in BSSS(R) and BSCBI(R) after seven cycl.es of RRS, and found that the indirect responses adjusted for the effects of genetic drift were larger than the direct response. Effects of genetic drift due to small population size in BSSS(R) also were detected by Helms et al. (1989) . Although genetic drift results in a lack of response in the populations per se, empirical studies have shown that genetic drift does not affect the response of the interpopulation cross, which is the primary objective of a RRS program.
Our study evaluates response to 11 cycles of RRS in BSSS(R) and BSCBI(R). Our objectives were: to partition the response to selection in BSSS(R) and BSCBI(R), using Smith's (1983) model, into that to additive and dominance genetic effects and to estimate the effect of genetic drift on the indirect response observed in the populations per se and (ii) compare the results for Smith's model with the results from the diverstiy analysis described by Moll and Hanson (1984) .
MATERIALS AND METHODS
The details of the first five cycles of RRS with BSSS and BSCB1 were presented by Penny and Eberhart (1971) . Details of changes that have been made in the selection program since its inception were described by Keeratinijakal and Lamkey (1993) . The primary trait selected has been grain yield, with selection for less grain moisture at harvest and resistance to root and stalk lodging.
In the 1987 breeding nursery, a population diallel was produced among CO (Cycle 0), C4, C7, C9, and Cll of BSSS(R) and BSCBI(R). In addition, the C8 and C10 interpopulation crosses of BSSS(R) and BSCBI(R) were produced. Seed CO, C4, C'/, C8, C9, C10, and Cll of BSSS(R) and BSCBI(R) populations per se and populations per se selfed were also produced. Selfed seed of the CO, C4, C7, C8, C9, C10, and C11 interpopulation crosses was produced in the 1988 nursery. The populations per se, populations per se selfed, and interpopulation crosses selfed were produced by intercrossing or selfing -~ 100 plants. The population crosses were produced by reciprocally crossing 50 plants from each population.
Data were collected at three Iowa locations in 1988 and four Iowa locations in 1989 for grain yield (Mg ha -1 at 155 g kg -1 grain moisture), grain moisture (g kg-1), stand (plants ha-l), stalk lodging (% plants broken below the ear node), root lodging (% plants inclined more than 30° from vertical), ear height (cm), plant height (cm), silking date (days after planting), pollen date (days after planting). Details of the experimental design, environmental design, and data collection procedures were given by Keeratinijakal and Lamkey (1993) .
Means over environments for the 82 noninbred and inbred genotypes were combined into one data set (Table 1 ). This data set was used to estimate genetic parameters in the model described by Smith (1983) . The model was used to estimate the contribution of additive and dominance genetic effects to the mean of the Ith population (AOI and DOI), the contribution of additive and dominance genetic effects to the response to Abbreviations: BSCB1, Iowa Corn Borer Synthetic no. 1; BSSS, Iowa Stiff Stalk Synthetic; Cn, nth cycle of selection; RRS, reciprocal recurrent selection. **, Significant at the 0.01 probability level. selection in the Ith population (ALl and DLI), the effect loss of heterozygotes due to genetic drift or selection in the Ith population (DQI), a dominance term that is a function the change in allelic frequencies in the Ith population at loci where the Ith and l'th populations differ in allelic frequency (DLII'), heterosis in the cross of the Ith and l'th populations (HII'), and a heterosis term that is a quadratic function changes in allelic frequencies and dominance in the cross of the Ith and l'th populations (HQII'). When effective population size is < 20, DQI is predominately an estimate of the loss of heterozygotes due to genetic drift (Smith, 1983) , Although bias from selection exists, it is expected to be small, especially with small effective population size. Hanson (1987) pointed out that DQI reflects heterosis between the base population and the nth cycle of selection and that failure to obtain the expected heterosis could reflect genetic drift. Because effective population size is <20 for BSSS(R) and BSCBI(R), we assume thgt DQI in our analysis is an estimate of the loss of heterozygotes due to random genetic drift. The genetic parameters from Smith's (1983) model (/3) calculated by using weighted least squares: /3 = (X'W-tX)-~X'W-~Y, where the elements of the Y-matrix are the entry means and the elements of the X-matrix are functions of cycle number and the coefficients of the genetic parameters. The matrix W contains the variances of the entry means on the diagonal and zeros on the off diagonal. Standard errors of the parameter estimates were calculated as the square root of the corresponding diagonal element (Cii) of the (X'W-~X) matrix.
The data from the 10-parent diallel among CO, C4, C7, C9, and Cll of BSSS(R) and BSCBI(R) were used to calculate the diversity analysis described by Moll and Hanson (1984) . The diversity analysis makes use of the population per se and population cross data from the diallel to estimate additiveassociated (Da) and dominance-associated (Do) distances tween population. For D a to be nonzero, there must be differences in frequencies of alleles between populations having additive effects, and for Dd to be nonzero, there must be dominance at the locus level and differences in allelic frequencies between populations. Hanson (1987) showed that a provides information similar to ALl from Smith's (1983) model, although there is no comparable term from Smith's model for D d. Hanson (1987) proposed using Dd as a relative measure genetic diversity but did present experimental evidence. The modification of principal component analysis described by Hanson and Moll (1986) was used to graphically depict the spatial divergence represented by the dominance-associated distances.
RESULTS AND DISCUSSION
Additive (AOI) and dominance (DOI) effects for grain yield were significantly different from zero (P < 0.05) for BSSS(R) and BSCBI(R), but the dominance effects were smaller than the additive effects (Table 2 ). These estimates suggest that grain yield was largely controlled by alleles with additive effects. The positive estimates of ALI and DLI in BSSS(R) indicates that RRS effectively increased the frequency of favorable alleles for grain yield in BSSS(R) with additive and dominance effects. The changes in allelic frequencies due to selection in BSCBI(R) occurred mainly at loci having alleles with dominance effects, because the estimate of ALl was nonsignificant. The estimates of ALl and DLI in BSCBI(R) were consistent with the results from Keeratinijakal and Lamkey (1993) , in that the improvement in grain yield of BSCBI(R), 0.06 Mg -1 cycle -1 wasgrea ter than improvement in the BSCBI(R) population selfed, 0.02 Mg ha-1 cycle -1
The effect of loss of heterozygotes in the populations per se due to genetic drift (DQI) was identical in both populations ( -0.012"* Mg ha-1 cycle-1). The negative estimates of DQI indicate that inbreeding due to genetic drift limited improvement in grain yield in the populations per se. At Cll; the estimated loss in grain yield due to effects of genetic drift was 2.90 Mg ha -1 for both populations. The accumulated inbreeding would not only depress mean performance, but also reduce the genetic variance in the populations. Thus, the maximum potential of the populations will never be realized. The change to intermating 20 selected lines rather than 10 selected lines for the last three cycles was done to reduce the cumulative effects of genetic drift. Intermating more than 20 lines would further reduce the effect of genetic drift, but more testcross progenies also would be needed for evaluation to maintain the same selection intensity. Estimates of DLII' for grain yield were not significant for either population, which indicates that improvement in the population cross was largely dependent on the improvement in the populations per se (ALl + DLI). The effect due to heterosis (HII') was significant (p<_0.01), indicating both directional dominance for grain yield and a difference in the frequency of alleles affecting grain yield between the original populations. The estimate of HQII' for grain yield was equal to zero. HQII' is equal to ApAp'd, where Ap and Ap' are the Changes in the frequencies of favorable alleles in BSSS(R) and BSCBI(R), respectively, and d is the dominance effect. If directional dominance does not exist, then HQII' would equal zero. The significant estimates of DOI, DLI, and HII' in the populations, however, support the existence of directional dominance for grain yield. A zero estimate for HQII' would also result if the change in allelic frequencies in either or both populations was equal to zero or if changes in allelic frequencies were such that HQII' was positive for some loci and negative for other loci, canceling each other out when HQII' was summed over loci. (Tanner and Smith, 1987) . The zero estimate HQII' indicates that RRS selected favorable alleles with dominance effects at different loci in each population and that overdominance was not important for grain yield. The steady increase in inbreeding depression and heterosis observed in the interpopulation crosses with cycles of selection also supports selection of favorable alleles at different loci in each population (Keeratinijakal and Lamkey, 1993) .
The realized gains for grain yield in the populations per se [2(ALI + DLI)], which are the .indirect responses to selection adjusted for the effects of genetic drift, were significant for both BSSS(R) and BSCBI(R). The direct effects of selection (ALl + DLI + 2DLII') were significant in BSSS(R) and BSCBI(R), indicating that provement in the interpopulation cross was contributed by both populations. The estimated realized gain in the interpopulation cross, calculated from the sum of the direct effects of both populations, was 0.284 _ 0.035 Mg ha-1 cycle -1. Fifty-eight percent of the realized gain in the interpopulation cross was contributed by BSCBI(R). The realized gains for the populations per se [2(ALI + DLI)] were not significantly different from the realized gain for the interpopulation cross.
The results from the diversity analysis for grain yield showed that by C7 the estimated additive-and dominance-associated divergence for both populations from their CO differed significantly from zero (Table 3) . Estimated distances based on dominance-associated genetic effects increased with selection at a faster rate than distances based on additive-associated genetic effects. These results demonstrate that selection has increased the frequency of favorable alleles in both populations and is consistent with the results obtained from Smith's (1983) model (Table 2 ). The BSCBI(R) population seems have been more responsive to selection as evidenced from the larger changes in additive-and dominance-associated genetic effects. In contrast to the populations per se, additive effects were of much less importance than dominance effects in the population crosses (comparison of BSSS(R)Cn BSCBI(R)Cn). Additive effects initially increased from BSSS(R)C0 vs. BSCBI(R)C0 (0.59) to BSSS(R)C4 BSCBI(R)C4 (1.45) and then decreased to BSSS(R)Cll vs. BSCBI(R)Cll (0.27). The additive-associated tance between the rth and r'th population may be expressed in terms of single-locus effects as [n(Ei(Pri er'i + Ari --mr'i)t/i)2] 1/2, where n is the number of alleles per locus, Pri is the frequency of the ith allele in the rth base (CO) population, A,i is the change in frequency the ith allele in the rth population (Cn), and ai is half the deviation of the mean of the ith homozygote from the mean of all homozygotes in the population (Hanson, 1987) . If the rth or the r'th population has not undergone selection, then the appropriate A values are set to zero. The decrease in additive-associated distances observed with selection between BSSS(R)Cn vs. BSCBI(R)Cn only be explained by a greater change in allelic frequencies in one population than in the other.
The estimated distances between populations based on dominance-associated gene effects were plotted according to the first two principal components (Fig. 1) . The spatial arrangement of the populations reflect relative genetic diversity and are used to assess interrelationships among populations (Hanson, 1987) . The two principal components together accounted for 98.3% of the dominance-associated variation among populations. The first principal component accounted for 91.8% of the variation and reflected primarily divergence between the BSSS(R)Cn and the BSCBI(R)Cn populations. The ond principal component reflected primarily divergence of the selected populations from their respective base populations. Distances between populations based on dominance-associated gene effects steadily increased from BSSS(R)C0 vs. BSCBI(R)C0 (1.98) to BSSS(R)C11 BSCB1(R)C11 (6.97) ( Table 3 ). The largest estimates of dominance-associated divergence were 6.99 for BSSS(R)C9 vs. BSCB1(R)Cll and 6.97 for BSSS(R)C11 vs. BSCB1(R)C11. Hanson and Moll (1986) and Hanson (1987) calculated the ratio of dominance-associated distances, D = d34 / (diE + d13 q-dE4), where the subscripts 1, 2, 3, and 4 refer to BSSS(R)C0, BSCBI(R)C0, BSSS(R)Cn, BSCBI(R)Cn, respectively. They showed that, under overdominance model, the ratio should increase with cycles of selection; with partial to complete dominance, the ratio should decrease with cycles of selection. The ratios for C4, C7, C9, and Cll were 1.17. 0.95, 0.89, and 0.88, respectively, indicating that selection has been for complementary loci with partial to complete dominance. Hanson (1987) completed a similar analysis for C4 and C7 of RRS in BSS(R) and BSCBI(R) by using The first (X1) and second (X2) principal components accounted for 91.8 and 6.5% of the variation, respectively.
Distances were measured in megagrams per hectare. Smith's (1983) data and reached the same conclusion, that there is no evidence for overdominance for grain yield in these populations.
Grain moisture has been one of the traits considered in the selection program. Estimates of AOI for grain moisture were significant, and estimates of DOI were nonsignificant for both populations, suggesting that grain moisture was mainly controlled by additive effects (Table 2). The nonsignificant estimates of 2(ALI + DLI) indicate that there were no changes in allelic frequencies at loci affecting grain moisture. This was expected, because high-yielding testcross progenies in the evaluation trials that were average or below average for grain moisture at harvest were selected in each cycle of selection. Our results show that RRS successfully maintained grain moisture while increasing grain yield. Although dominance effects were unimportant in the base populations, there was a difference in allelic frequencies between the base populations and some level of directional dominance resulting in a significant estimate of HII'.
All estimates of individual genetic parameters for root lodging were nonsignificant for both populations ( Table  2 ). The linear decreases observed for root lodging in BSSS(R) and BSCBl(R), however, suggests that selection reduced the frequency of unfavorable alleles for root lodging selection reduced the frequency of unfavorable alleles for root lodging (Keeratinijakal and Lamkey, 1992) . The estimate of 2(ALI + DLI) for BSCBl(R) was significant and negative, indicating realized gain for root lodging in BSCBl(R) ( Table 2 ). The estimated realized gain in the population cross was -0.47 ± 0.36% cycle" 1 . Dominance effects were of primary importance for stalk lodging in BSSS(R) and BSCBl(R) ( Table 2 ). There was significant realized gain in'BSSS(R) resulting in a reduction in stalk lodging with selection. The reduction in stalk lodging in BSCBl(R) was caused primarily by the contributions of heterozygotes (DLI > ALI). The realized gain for stalk lodging was significantly greater in BSCBl(R) than in BSSS(R), which may be expected because BSCB1(R)CO had approximately two times as much stalk lodging as BSSS(R)CO. The estimated realized gain in the population cross for stalk lodging was -1.04 ± 0.33% cycle -1 . Most of the improvement for stalk lodging in the population cross was contributed by BSCBl(R).
Responses to selection for ear and plant heights and silking and pollen dates are correlated responses to selection. Additive effects for the four traits were of more importance in the base populations than dominance effects. The correlated response to selection in the populations per se [2(ALI + DLI)] was significant for plant height in BSCBl(R). When crossed, both populations contributed to taller plants in the interpopulation cross, with a realized gain of 1.26 ± 0.36 cm cycle" 1 . The correlated responses in the populations per se for silking and pollen dates were negative for BSSS(R) and positive for BSCBl(R) ( Table 2 ). The correlated responses to selection in the interpopulation cross were significant for silking and pollen dates in BSSS(R). The BSSS(R) population contributed earliness in flowering dates to the interpopulation cross, whereas BSCBl(R) tended to delay the flowering dates in the interpopulation cross. The estimated direct response for silking date in the interpopulation cross was -0.41 ± 0.08 d cycle" 1 , but the direct response for pollen date was not significant.
The results from our study demonstrate that RRS was effective for improving grain yield of the population cross. The results from Smith's (1983) model and Moll and Hanson's (1984) diversity analysis showed that selection response occurred at complementary loci in BSSS(R) and BSCBl(R), with alleles in the partial to complete dominance range. There was no evidence for overdominant alleles contributing to selection response. Because selection response occurred at loci having alleles with partial to complete dominance, improvement was expected in the populations per se. The lack of improvement in the populations per se reported by Keeratinijakal and Lamkey (1992) is attributed to inbreeding depression resulting from random genetic drift, because both Smith's model and Moll and Hanson's diversity analysis revealed improvement in the frequencies of alleles with additive and dominance effects. Significant estimates of DQI, a measure of random genetic drift, were also obtained from Smith's model, supporting this conclusion. There were no significant genetic changes for grain moisture, and the genetic changes that occurred for root and stalk lodging were in the desired direction. In conclusion, RRS has been an effective method for the genetic improvement of the interpopulation cross, but inbreeding depression from genetic drift has limited the observed responses in the populations per se.
